Wire bond reliability testing typically consists of aging bonds in a high temperature environment for long time periods, removing samples at intervals to assess bond shear strength and characterize the bond cross sections. In this way, the degradation of the bond can be monitored at discrete time intervals, and it is determined whether the bond will be reliable under long term operation at lower temperatures. This process is labour and time consuming. An alternative process is reported using piezoresistive integrated CMOS microsensors located around test bond pads. The sensors are sensitive to radial compressive or tensile stresses occurring on the bond pad due to intermetallic formation, voiding, and crack formation at the bond interface. Two sets of identical test chips are bonded with optimized Au ball bonds and aged for 2000 h at 175 ºC. One set is connected to equipment which monitors signals from the stress sensors, along with the contact resistance of the bonds. The other set of chips is destructively tested by shear tests and cross sectioning. It is found that the stress sensors are capable of indicating which stage of intermetallic growth is currently being experienced, by relating the signal to the relative density of the intermetallic compounds (IMCs) which form during aging. The sensors can detect the consumption by IMCs of each Al layer in a multilayer pad, and can monitor the formation of AuAl 2 which indicates an advanced stage of aging. Sensor signals combined with contact resistance measurements provide a valuable tool for preliminary reliability studies, and give real-time insight into microstructural changes. Drop in shear strength of a ball bond is detected by a change in the microsensor signal combined with a contact resistance increase.
INTRODUCTION
Wire bonding is the most common first level interconnect method used in the microelectronics industry 1 . As microelectronic technology evolves, there is an ever increasing need for wire bonds to have a finer pitch and be reliable at higher temperatures 2 . When changes are made to the bond process, reliability is typically assessed by aging the bonds at elevated temperature while shear testing and pull testing them at periodic intervals.
Non-destructive monitoring of the ball bonds is advantageous over these methods as a smaller sample size is required, and the bonds can be continually monitored allowing for higher time resolution and individual aging histories of single bonds. Measuring the contact resistance (R C ) of ball bonds on the substrate is a non-destructive method 2 which is important, as the electrical reliability of a bond does not always degrade at the same rate as the mechanical strength of the bond.
In this work, a test chip is designed to measure a non-destructive mechanical signal. The chip has standard sized test pads surrounded by stress sensors 2 in Wheatstone bridge configurations, as well as a large bond pad used for measuring R C of bonds. Thermal and mechanical effects of aging are assessed by using a combination of both non-destructive measurements. These measurements are compared to results of destructive tests to show how they may be used to supplement conventional methods.
TEST CHIP
The test chip is made using 0.7 µm CMOS process 2, 3, 4 , and mounted to a 28 pin ceramic dual inline package (CerDIP) using colloidal silver as shown in Fig. 1 . The test chip contains test structures for evaluating radial bond pad stresses and contact resistance, as well as extra bond pads for test bonds to be destructively tested.
STRESS SENSORS
The test chip contains an array of 13 bond pads which are each surrounded by 4 stress sensor elements connected in a Wheatstone bridge configuration.
2.1.1. Sensor Design. Four n+ diffusion sensing elements are placed around the test bond on a chip which has a bulk of p-type silicon as shown in Fig. 2 . The center of each element is located an average of 65µm from the pad center and the sensors are arranged in a Wheatstone bridge configuration. The sensor signal, S, is given by the differential voltage from either side of the bridge:
where V S is the sensing voltage of 3V. When Kirchoff's law is applied to the circuit, S can be expressed in terms of the resistance of each element by:
By using a Wheatstone bridge configuration, the sensor signal obtained is an average difference of resistance experienced between piezoresistors oriented to experience stresses tangentially (R 1 , R 4 ) and radially (R 2 , R 3 ). Since all resistors experience the same resistance change from an overall temperature change, no overall signal change is caused.
Due to internal stresses in the chip, and minor variations in ball bond centering on the test pad, each set of stress sensors will have an initial offset signal at room temperature, S RT . In order to compare different ball bonds on different chips, this initial room temperature offset is subtracted from all stress sensor measurements, so that the initial room temperature signal for all chips, S o = S-S RT is 0.
The stresses to which the sensors are sensitive are symmetric circular stresses originating at the bond pad and extending to the surrounding area. Such stresses could be caused by forces imposed normal to the chip's surface, or by volume changes at the interface caused by intermetallic formation and growth, known as the Clatterbaugh effect 1 . Expansion at the bond interface causes compressive force in the surrounding chip in the radial direction, causing the sensor signal to drop 5 . Conversely, interfacial contraction will result in a rise in the signal as shown in Fig. 3. 2.1.2. Accessing Individual Sensor on Chip. The test chip contains an array of 13 Al test pads equipped with stress sensors as shown in Fig. 4 . The stress sensors are connected to an on-chip multiplexer (MUX). By inputting a binary address to the input pads and supplying a sensor voltage and ground which are common to all 13 pads, the stress field around the 
Contact Resistance
A large Al test pad in the center of the chip is used for this experiment. This pad is bonded as shown in Fig. 5 . Seven test bonds are made, each with another ball bond placed directly on top of the bottom bond to allow for 4-wire R C measurements. Due to the high sheet resistance of the Al pad estimated to be 20mΩ per square, the R C measurements have high offsets. However, R C of each bond increases at approximately the same rate during aging, and when measured with no bond present, the resistance of the Al pad alone does not increase. Rather, the pad resistance on a test chip decreases by 0.5Ω over 160 h at 175 ºC due to Al grain recovery. Therefore it can be assumed that although the large Al pad causes high initial resistance values, it plays no role in the R C increase during aging which may be attributed solely to AuAl interfacial phenomena.
Chips for Destructive Testing
Chips for destructive testing are bonded according to Fig. 6 . Bonds on the half of the chip labelled (a) are shear tested. Bonds on the half of the chip labelled (b) are available for cross sectioning to examine IMCs and voids that form and grow during aging.
Bonding Parameters
Wire bonds on the chips are made with an ESEC 3088 Wire Bonder using 4N 1 mil Au wire. The bond force and free air ball (FAB) size are optimized to provide bonds with average height of 17 µm and average diameter (BDC) of 58 µm.
These dimensions are selected so that the bond can fit within the 70µm bond pad with a height to width ratio of approximately 3.5 to correspond to bonds produced by Mayer 2 . This bond required FAB diameters of 52 µm, impact force of 536 mN, and bond force of 250 mN. Ultrasonic force is optimized to provide maximum initial shear strength.
The bonder temperature is 150ºC which results in an estimated bond pad temperature of 140ºC. The bonding process takes no more than 25 min per chip; i.e. the sample bonds spend between 5 min and 20 min on the hot bond area before being removed from the bonder. Chips are tested immediately after bonding, with no burn-in period. The reason for bonding the chips at such low temperatures is to avoid the formation of IMCs on the bonder as much as possible, so that the early stages of IMC formation could be observed in more detail during the aging experiment.
Pad Structure
Bond pads consist of 2 Al layers separated by a Ti containing diffusion barrier as shown in Fig. 7 . A second diffusion barrier is present separating the bond pad from the SiO 2 layer below.
EXPERIMENT
A set of chips is bonded for non-destructive signal measurement, resulting in a total of 80 stress and 63 R C signals. A set of 19 chips are bonded for destructive testing. These are placed in an oven, maintained at 175ºC for 2000 h. Periodically during the aging process, chips are removed and tested after aging times of 0 h, 0.5 h, 1 h, 10 h, 100 h, 300 h, 600 h, 900 h, 1300 h, and 2000 hours. This results in about 380 shear measurements and 150 cross sections 4. RESULTS
Shear Test Results
4.1.1. Shear Strength of Bonds. At each time interval, two chips are removed from the oven, and bonds are sheared for a total sample size of 40 bonds per time interval. Each bond is sheared towards the second bond in the direction in which ultrasound was applied during bonding. As plotted in Fig. 8 , shear strength initially increases, peaks between 10 and 100 h, and then drops. At its peak, the shear strength of the bonds is higher than the shear strength of the as-bonded Au wire, which is ~120 MPa 6 .
Explanation of Shear Results.
When a gold wire is thermosonically bonded to a pad, bonding between Au and Al occurs at discrete islands on the bond interface 1,7 . The relatively low shear strength initially observed is explained by the lower adhesion of interfacial regions without IMCs compared to regions with IMCs. During shear testing the bonds lift off, failing in shear mode 1 as defined in ASTM Standard F1269 6 . As the bond ages, the Al pad is consumed by IMC growth as the initial IMC islands grow to cover the entire interface. As the IMCs are 3 to 10 times stronger than the base Au 1 , the bond shears at its weakest point through the Au metal defined as shear mode 2a. As spikes of IMC may grow vertically into the ball, higher than the 5µm height of the shearing ram, some IMCs may be sheared along with the Au. This causes the shear stress to exceed the shear stress of the base Au. As aging progresses, voids, widely believed to be Kirkendall voids 8 appear along the interface between the IMC layer and the Au bump. After 300 h, these voids coalesce forming cracks. Some bonds are sheared at the layer of cracks defined as shear mode 2b; these bonds have lower shear strengths. The combination of the 2a and 2b failure modes results in an average shear strength decrease. As time passes, the crack between the Au and the IMCs grows larger, and the percentage of bonds failing due to shear through the cracking IMC layer grows. 
Contact Resistance Results
Contact resistance from one typical bond is shown in Fig.  13 . The profile of R C with respect to time can be divided into 3 regions:
Region i constitutes the rapid resistance increase observed in approximately the first hour of aging. This increase is due to the temperature increase from room temperature of 29ºC to 175 ºC.
In region ii, R C drops from approximately the first hour of aging until ~ 90 hours. During this time, the electrical connection at the bond interface strengthens slightly as interdiffusion and IMC formation increases the contact area of the bond. Resistance of pad Al also drops as grain recovery occurs.
For the remainder of of the experiment classified as region iii, R C increases. As the IMC layer thickens, Kirkendall voids form and oxidation takes place at the Au 4 Al at the top of the IMC layer 9 . As a result, the electrical resistance of the bond increases steadily for the remainder of the aging time.
Stress Sensor Results
Results from one typical stress sensor with and another one without a bond present are shown in Fig. 14 T h e rapid compressive stress occurring in region a in Fig. 14 is observed when the samples are heated to the aging temperature, and is due to thermal expansion of the Au bond and Al pad being greater than that of the bulk Si. The linear coefficient of thermal expansion (CTE) for Al is 4.9 times the CTE for Si, and the CTE for Au is 3 times the CTE for Si. The rise Post-aging return to roomtemperature (~25ºC) in the stress signal which follows from approximately 1 h to 4 h is caused by the consumption of the Al pad directly under the bond which is replaced with higher density intermetallics 2 . This will be shown in the cross section analysis.
In region b, there is no significant change in the stress signal until approximately 60h, as the top layer of pad Al has been completely transformed into IMCs, and the diffusion barrier between the 2 layers of Al prevents IMCs from forming on the lower Al layer. S may increase slightly due to small tensile stresses caused by transformation of IMCs into higher density IMCs. For example, the transformation of AuAl into Au 8 Al 3 will result in a slight volume decrease. Minor compressive stresses caused by initial lateral IMC formation may also be observed.
As Au diffuses through the IMC layer and diffusion barrier starting at about 60 h, the lower Al layer is consumed by newly formed IMCs. This results in a rapid tensile stress increase shown in region c. Region c lasts until ~ 300 h when S peaks and begins to decline.
In region d, IMCs grow outward from the bond, consuming nearby Al and replacing it with lower density IMC, generating compressive stress and therefore dropping S.
Reference Stress Sensor Measurements
. S e n s o r measurements are taken at empty bond pads as a reference. As can be seen in the signal profile (i) in Fig. 14 , after the initial compressive stress caused by thermal expansion the signal continually increases at a relatively constant rate. This tensile force is due to stress relaxation by recovery and possibly recrystallization taking place in the Al pad.
Variation Between Bonds.
While all sensors show similar profiles, variations exist between bonds. In order to compare stress signals from different bonds, key points 1 to 6 on the S profile are identified as shown in Fig. 15 . Stress minima and maxima are found for points 1, 4, and 6. Point 2 corresponds to the end of region a, and is defined as the highest point above the line joining points 1, 4. Point 3 corresponds to the end of region b and is defined as the point farthest below the line joining points 1, and 4. Point 5 marks the time when compressive stress starts to rapidly increase and is defined as the highest point from the line joining points 1, and 6. An average signal profile is plotted in Fig. 16 showing mean values with standard deviation of S, and time for each key point. A total of 82 curves are evaluated. The percentages of outliers for keypoint 1 to 6 times are 3.6%, 2.4%, 2.4%, 3.6%, 8.5%, and 0 % respectively. The percentages of outliers for keypoint 1 to 6 S values are 1.2%, 24%, 3.6%, 9.7%, 12.2%, and 6.1% respectively.
IMC and Void Characterization
At each interval listed in chapter 3, samples are removed from the oven and IMCs and voids are characterized. First, intact wire bonds are examined to observe IMC growth outward from the bond which consumes the Al pad, and to observe any voiding which may occur on the Al pad itself. Next, the samples are sectioned and the cross section is charac- Temperature Ramp-Up terized using optical microscopy, SEM imaging, and EDS analysis.
Overview of Intact Bonds. Overhead imaging of ball bonds indicates no visible changes in the first hour of aging.
By 100 h of aging, IMC formation around the periphery of the bond becomes visible as shown in Fig. 17 b. By 300 h of aging, a small degree of Al pad depletion is seen on base Al adjacent to the peripheral IMCs. IMCs expand outward from the ball bond until 2000 h, consuming the Al pad as the visible depleted regions increase, eventually forming an annulus around the IMC. After additional aging, the bond becomes surrounded by voids which can be seen in Fig. 18 a. These depleted regions reduce the supply of Al to the IMC slowing lateral IMC growth. The same effect is observed on bonds made on the large Al pad as well as those made on individual bond pads, suggesting that the size of the bond pad is irrelevant to the bond's reliability.
Cross
Sections. An average of 17 bonds are cross sectioned at each aging interval. Due to bonding conditions, when the chip is bonded, virtually no IMCs or voids are present as is shown in Fig. 19 a. After as little as 0.5 h aging, rapid IMC growth at the bond interface is observed in Fig. 19 b. By 10 h, the first Al layer is consumed and IMCs have grown higher at the outer region of the bonds forming "humps" as observed by Breach 7 . IMC growth continues in the vertical direction and by 100 h, the diffusion barrier separating the Al layers has been penetrated, with IMCs present in the lower Al layer. Voids are visible in the Au 4 Al as shown in Fig. 19 c. By 300 h, as can be seen in Fig. 19 d, the IMC region has grown higher in the center of the bond, with base Au metal hooking around the outside of the IMCs at the edge of the bond as is predicted by literature 7 . The lower layer of Al has been transformed into IMCs. The bulk of the IMCs are Au 8 Al 3 . Au 4 Al is present at the top of the IMC layer where cracking and voiding is observed. Remnants of the diffusion barrier can be observed as a pair of dark lines running the width of the bond in the middle of the IMC layer. Just below this, another band of yellow IMC has formed which is identified by EDS as having a 4:1 ratio of Au:Al, suggesting it may be Au 4 Al. Ti is detected at varying amounts indicating that this yellow IMC may alternatively be a ternary Au-Al-Ti compound. The diffusion barrier is effective against Al, but may be permeated by Au, which explains the high concentration of Au at the top of the lower IMC layer. Some Au 2 Al is present at the bottom of the IMC layer, where access to Au is most limited. Vertical IMC growth has slowed, and lateral IMC growth is beginning to dominate.
After 600 h of aging, vertical IMC expansion under the bond has stopped. IMC growth is now primarily in the lateral direction as Au 2 Al, AuAl, and AuAl 2 form on the Al pad adjacent to the bond shown in Fig. 20 . Voiding is now occurring between the Au bump and the Au 4 Al IMC. It has been reported that voids form at this location due to the Kirkendall effect, and later coalesce into cracks 8 . Results by Breach et al. 9 , however, suggest that degradation of the interface at this location may be due to oxidation of the Au 4 Al intermetallic, which becomes exposed to air at the bond perimeter under the Au hooks. This helps to explain why the voiding and subsequent cracking progresses inwards from the outer bond edges. This theory is also validated by EDS evidence of increased presence of oxygen at the cracks as opposed to the bulk IMC, and the presence of pure Au precipitated in the crack region suggesting the formation of Al 2 O 3 . By the end of the 2000 h, the IMCs under the bond are comprised mainly of Au 8 Al 3 and Au 4 Al.
Discussion
The stages of stress signal, S, can be roughly correlated to the physical changes occurring in the bond, as well as the changes in the shear strength and the R C . A visualization of all observed physical and electrical changes during aging is shown in Fig. 21 . Aging is split into four phases: a, b, c, and d, which are discussed in more detail.
Phase a -first signal increase
The first signal increase is caused by the formation of high density IMCs below the bond as the first Al layer is consumed. The IMCs which form, Au 4 Al, Au 8 Al 3 , Au 2 Al all result in a volume decrease of 2-3% compared to unalloyed Al and Au 2 . This IMC formation increases the area of bonded material at the interface to ~100%, in turn lowering R C and increasing the shear force required to break the bond. Phase a ends when key time 2 is reached, indicating full conversion of the top Al layer into IMCs.
Phase b -Signal stays steady
The IMC layer grows vertically into the Au bump, but does not expand laterally or consume more of the Al pad which would affect the observed stresses. Due to minimal interfacial changes, the shear strength of the bond and R C are relatively constant. This phase ends at key time 3, when Au diffuses through the diffusion barrier. 
Phase c -Signal Increases
In phase c, the tensile stress observed by the sensors reflects the conversion of the lower Al layer into high density IMCs causing a volume reduction. In addition, as observed from Figs. 19 and 20, the higher density IMCs have now begun to expand laterally underneath the bond. Some low density lateral IMCs have formed, but the compressive stresses they generate are far outweighed by the tensile stresses under the bond. Due to the different rates of interdiffusion of Au and Al, Kirkendall voids form at the bond interface between Au and the IMC 8 . At the edge of the bonds, the IMCs have grown out into the peripheral Al, exposing the upper Au 4 Al layer to air, allowing oxidation to occur. This oxidation leads to cracking which eventually propagates to the bond center. This weakens the bond allowing the shear strength to decrease, and reduces the bonded area, increasing R C . Cracking and voiding can not be detected from the sensors directly. However, it may be inferred when it is observed that S is changing (indicating conversion of base metal into IMC), and R C is increasing (indicating reduction of bonded area) that voiding is happening and shear strength is dropping.
Phase d -Signal Decreases
As the IMC layer evolves to reach its final microstructure under the bond, bounded at the top by the long crack formed of coalesced voids and oxidized Au 4 Al, shown in Fig. 22 , the IMCs lateral to the bond grow rapidly, and are comprised of AuAl 2 , AuAl and Au 2 Al. Lateral IMC growth occurs because Al is still being supplied to the IMC layer from the pad, but Au is separated from the IMCs by a layer of voids and oxides under the Au hook. As shown by Mayer et al 2 , Au 8 Al 3 and AuAl have lower densities than the base metals and result in volume increases of 9% and 0.5% respectively. Therefore compressive forces are generated, causing S to decrease. The large drop in S caused by a radial 2.5 µm IMC growth can be explained by the proximity of the lateral IMCs to the stress sensors. While the center of each sensing element is located 65µm from the center of the pad where interfacial IMC growth occurs, lateral IMC growth occurs approximately 35 µm from the elements.
The shear strength is unaffected by the peripheral IMCs, but still continues to decrease, although now at a slower rate, due to increased voiding at the interfacial IMCs. This can be correlated to the R C signal which continues to increase.
By 2000 h, the shear strength has stabilized at ~55 MPa despite the fact that R C continues to increase. By this point, however, the shear strength is already too low to pass a qualification test.
CONCLUSIONS
Microstructural changes at the bond interface and periphery are responsible for changes in the shear strength of the bond, changes in the surrounding stress field, and changes in the contact resistance.
In 2 layer Al pads, the first stress signal increase correlates to the conversion of the first Al layer into IMCs, which correlates to increased shear strength. Any subsequent changes in the stress signal accompanied by a contact resistance increase correlate to a shear strength decrease, regardless of whether the observed stress is tensile or compressive. After consuming the first Al layer, the bond can not become stronger as the entire interfaace is already covered by IMCs, and any further interdiffusion will merely produce Kirkendall voids which weaken the bond. These voids are reflected in the contact resistance.
Contrary to explanations that the contact resistance increase is caused by IMC formation 7 , it appears to be caused only by voiding and Au 4 Al oxidation. In region b, the IMC thickness increases by 2 µm with no contact resistance increase. In region d, when pad consumption is complete and the rate of interfacial IMC formation drops to zero, there is no change in the rate of contact resistance increase.
By monitoring changes in electrical properties of a bond via contact resistance, and by measuring changes in the physical properties by the sensor signals, a quick automated test may be performed to gauge the reliability of a ball bond. This test has potential as a valuable supplement to standard reliability qualification procedures.
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